ABSTRACT-Northern blotting analysis revealed different tissue distribution patterns of HMT mRNA between mice and rats. In the mouse, mRNA expression was detected in the brain, kidney and liver. In the rat, there was an extremely high mRNA signal only in the kidney. We isolated and characterized the rat and mouse histamine N-methyltransferase (HMT) genes from genomic DNA libraries. The rat HMT gene consists of 6 exons and 5 introns. The mouse HMT gene structure was similar to that of the rat, but had one additional exon 5' upstream from the exon containing a start codon, resulting in seven exons. Several long interspersed repetitive elements were located in the 5' flanking region of the rat and mouse HMT gene. Despite high sequence conservation of the regions around exon 6 and the 3' flanking region, the 5' flanking region had little similarity between the rat and mouse. Marked sequence similarities between rat and mouse introns were present near splice sites and outside the junction residues, suggesting the evolutionary relationship between the structural features of the rat and mouse HMT genes. This observation may explain the species difference of the tissue expression pattern of HMT mRNA.
Histamine is well known for its roles in allergy, anaphylaxis, gastric acid secretion, and as a neurotransmitter /neuromodulator in the vertebrate central nervous system (CNS) (1) . There are two pathways to inactivate histamine in the mammalian body: one is oxidative deamination by diamine oxidase (DAO, EC 1.4.3.6) and the other is methylation by histamine N-methyltransferase (HMT, EC 2.1.1.8). DAO and HMT metabolize histamine into imidazole acetic acid and N J -methylhistamine, respectively (2) . As for monoamines in the CNS such as norepinephrine, dopamine and serotonin, the high-affinity uptake systems for the substances have been demonstrated to play a key role in their clearance and termination of signal transductions (for review, see ref. 3) . Although the existence of the membrane transporter specific for histamine has been suggested in the barnacle photoreceptors (4) , it has not yet been identified in the mammalian body. In addition, DAO enzymatic activity has not been detected in the mammalian CNS (5), whereas HMT enzymatic activity and HMT-like immunoreactivity are present in the rat, mouse, and guinea pig brain (6) . Therefore, it is suggested that HMT is the key enzyme to terminate histaminergic signal transmission in the CNS and modify histaminergic signal transduction (7) . There have been few experiments to determine the exact HMT expression profile, despite its importance in termination of histaminergic neurotransmission (8) .
The HMT protein distribution was reported to be heterogeneous among species and among tissues (6) . Previous studies have isolated rat (9) , human (10, 11) and guinea pig (12) HMT cDNAs. Using the cDNA as a probe, we demonstrated that HMT mRNA is expressed heterogeneously in various guinea pig tissues at the following relative abundance, jejunum, brain > lung, spleen, stomach > liver, kidney (12) , although the exact tissue distribution of HMT mRNA in the mouse and rat has not been demonstrated to date. These lines of evidence led us to screen and clone the mouse and rat HMT genomic loci, to investigate the exact genomic structure of HMT and to clarify the tissue distribution of HMT mRNA in rodents because these
The nucleotide sequences reported in this article will be available under the DDBJ / EMBL / GenBank accession numbers AB007833 and AB007834 (rat genomic) and AB070522 and AB070523 (mouse genomic) and AB070524 (mouse cDNA). 
MATERIALS AND METHODS

Materials
The reverse transcriptases used were Superscript II (Life Technologies Inc., Rockville, MD) or ReverTra Ace (Toyobo, Osaka). Ex Taq (Takara Shuzo, Shiga) or KOD Taq polymerase (Toyobo) was used in the polymerase chain reaction (PCR)-based experiments. Restriction enzymes and other nucleotide modifying enzymes were from Takara Shuzo unless otherwise noted.
Northern blotting analysis
For Northern blotting analysis, total RNAs of the whole brain, stomach, spleen, lung, kidney and small intestine were obtained from male Sprague-Dawley rats (260 -270 g, Japan SLC, Shizuoka) or male ddY mice (30 -35 g, Japan SLC) by the method described by Chomczynski and Sacchi (13) . Northern blotting was performed by the method described previously (14) with a 0.7-kb DNA fragment corresponding to the region between nucleotides 131 and 821 of guinea pig HMT cDNA (GenBank accession no. AB032693) or a 1.0-kb DNA fragment (containing the full coding region) of the rat glyceraldehyde 3-phosphate dehydrogenase gene (G3PDH) labeled with [a-
32 P]-dCTP by the random priming method.
Determination of the transcription initiation site in the rat HMT gene
The transcription initiation site was determined by the S1 nuclease protection assay and primer extension experiment. A primer (rhmtg1a, 5'-AGC TCC TCA TGA AAG ATG CCA TAT TGG GTT-3'), complementary to the nucleotide sequence between 8-base upstream from rat HMT cDNA putative translational start site and 22-base downstream, was synthesized, 5'-end-labeled, and annealed to 50 m g of total RNA prepared from the kidney, jejunum and brain of male and female Sprague-Dawley rats, at 30°C in a solution containing 80% formamide, and elongated with 200 units of reverse transcriptase (Superscript II). The extension product was resolved on a 6% acrylamide/ urea gel (15) . A DNA sequencing ladder (Sequenase, Amersham, with rhmtg1a as a primer) run in a parallel lane was used as a size marker.
To prepare a probe for the S1 nuclease protection assay, rhmtg1a was 5'-end-labeled and annealed to an alkaline denatured plasmid DNA containing a 3.6 kb Kpn I fragment of rat HMT genomic DNA (1,174-bp upstream from the putative translational initiation site and a 2,320-bp sequence of the 3' site of exon 1) and then extended with a Klenow fragment of Escherichia coli DNA polymerase. The product was digested with Pst I to obtain a 498-bp fragment, which was denatured and purified on a 6% acrylamide/ urea gel. The fragment was annealed to 25 mg of total RNA at 48°C in a solution containing 80% formamide. The RNA/ DNA hybrid was digested with 30 units of S1 nuclease for 30 min at 37°C, and the protected fragment was separated on a 6% acrylamide/ urea gel along with the sequence ladder as above used as a size marker.
Rat genomic library screening
A Sprague-Dawley rat genomic library (in Charon 4A; Clontech, Palo Alto, CA, USA) was screened with rat HMT cDNA (9) labeled with [a-
32 P]-dCTP (111 TBq/mmol; NEN Life Science Products, Inc., Boston, MA, USA) using the nylon based membrane (Colony/ Plaque Screen, NEN Life Science Products, Inc.) fundamentally according to the method described by the manufacturer, to yield one positive clone, designated Charon HG24A. A set of primers was synthesized so that the region of cDNA of that corresponding region not found in Charon HG24A could be amplified by PCR. The resultant 0.3 kb fragment was used to screen an identical library to obtain a next positive clone (Charon HGA1), which contained a 3'-portion of the probe sequence but was devoid of the region corresponding to the putative translational initiation site.
Another primer, corresponding to the reverse sequence of Charon HGA1 (rhmtge22fa, 5'-TTC AGA AGA TAG GGA ATG GGT C-3') was synthesized and used in combination with a primer (rhmtes1, 5'-ACC CAA TAT GGC ATC TTT CAT GAG-3', which corresponded to the cDNA sequence around the putative translational start site) in PCR with the rat liver genomic DNA as a template. A 1 /20 portion of he product served as a template for another (nested) PCR, with primers rhmtge22fa and rhmtes2 (5'-GGA ATT CAT GGA TAA GAA GCT TCC-3', which corresponded to the cDNA sequence 105 bp downstream from rhmtges1). A fragment of 2.5 kb was amplified and a 230-bp Hinc II-Hind III fragment of this product, which did not contain the LTR-like repeat, served as a probe to screen another genomic library (in l FIX II; Stratagene, La Jolla, CA, USA) to obtain two more positive, overlapping clones (lHGS5 and lHGS12), which contained the exon 1 sequence of rat HMT cDNA (Fig. 3A) .
Mouse cDNA cloning and genomic library screening
Initial screening of a 129SvJ mouse genomic library (in lFIX II, Stratagene) with rat cDNA clones gave two positive clones (l #6 and l#n8). Three putative exon regions were identified in comparison with the rat cDNA sequence and 6 primers were synthesized according to the putative exon sequences, mhmte3s (sense, 5'-GTG AAG TTG ACC TTC AAA TTC TTT C-3'), mhmte5s (sense, 5'-TCT CAT TAT TCT TGT GTC AG-3'), mhmte50s (sense, 5'-TTA GCT GCC AGT GCT AAA AT-3'), mhmte6a (antisense, 5'-CTT TTC CCA GCC ACT AGT TC-3'), mhmte65a (antisense, 5'-ATA TGA GCT CTG GAT ACT CTT ATG A-3'), and mhmte61a (antisense, 5'-GAT CCA TAC TTT TTC CAT AG-3'). cDNA was reverse-transcribed with mhmte65a primer or oligo-d(T)17 primer with an arbitrary tag sequence (16) and mouse liver total RNA as a template. The 5'-portion of the cDNA clone was obtained by a SLIC-RACE (single-strand ligation to ss-cDNA-rapid amplification of cDNA ends) method with primers mhmte61a, mhmte6a and two other primers that corresponded to the tag sequence (16) , whereas the 3'-portion of the cDNA clone was obtained by a RACE with primers mhmte3s, mhmte50s and two primers corresponding to the tag sequence (12) . The middle portion of cDNA was amplified with mhmte3s and mhmte65a primers and cloned. After sequence analysis of these mouse HMT cDNA clones, another primer, mhmte21a (antisense, 5'-CTG CAC CTC CGC CTA CAC TCA GAA TCT TAA TTT CT -3') was synthesized to amplify the region of cDNA not found in the l #6 or l #n8 clones. The 0.3-kb amplification product of PCR with a mouse cDNA clone as a template was used as a probe to screen an identical library to yield an additional clone, l1N1. Finally, a 1.0 kb fragment of this clone was used as a probe to screen the library once again to obtain a positive clone, l #4.
DNA sequencing and analysis
The nucleotide sequences of the plasmid subclones were determined using the dideoxy chain termination method (17) in automated DNA sequencers (Models 373A, 373S, 310 and 377XL; Perkin-Elmer-Applied Biosystems Japan, Urayasu). Analysis of nucleotide sequences was performed with the DNASIS-Mac program (Hitachi Software Engineering, Ltd., Yokohama), FASTA program version 1.50 at the DNA Data Bank of Japan, the National Institute of Genomics (Shizuoka) and the BLAST program version 2.0 at the National Center of Biotechnology Information (Bethesda, MD, USA). In the homology search of the repeated elements, we used long interspersed repeated elements (LINEs) sequences of the rat (GenBank accession no. M13100, deposited as LINE3) and the mouse (D84391, which was deposited as L1) within GenBank databases.
RESULTS
HMT mRNA expressions in rat and mouse tissues
Northern blotting analysis revealed different tissue distribution patterns of HMT mRNA between mice and rats. In the mouse, mRNA expression was detected in the brain, kidney and liver (Fig. 1) . In the rat, there was an extremely high mRNA signal only in the kidney and slight, detectable expression in the brain and jejunum (Fig. 1) . In both animals, there was no mRNA expression in the spleen. The size of the message was 1.6 kb in both mouse and rat tissues.
In the mouse brain, HMT mRNA expression was observed in the olfactory bulb, cerebral cortex, hippocampus, thalamus+hypothalamus, brain stem and cerebellum. The weak but detectable signal of HMT mRNA was observed in the striatum. In the rat brain, in comparison with that of the mouse, the mRNA expression was relatively weak, but it was detected in all brain regions except the cerebellum. Rehybridization of the same blots with a rat G3PDH probe demonstrated the intactness of RNAs.
Determination of the transcription start site of the rat HMT gene
The transcription start site was determined by S1 nuclease protection analysis and a primer extension experiment. We repeated these experiments using RNAs from male and female rats, yielding a qualitatively identical result. In the primer extension experiment, the products with the total RNA from the kidney, jejunum and brain were of identical size, and the longest was 98 nucleotides long. In S1 nuclease protection analysis, a 498-bp probe from the 5'-end region of the rat HMT gene was used and 5 protected bands (94 -98 bases) were observed when kidney or jejunum RNA was used (Fig. 2) . These two results, from the primer extension experiment and S1 nuclease protection assay, were in very good agreement, thus confirming the identification of the transcription start site to be 68 bases upstream from the 5'-end of the previously reported cDNA (9) .
Rat HMT genomic profile
We isolated four rat genomic cDNA clones covering two divided regions (lHGS12, l HGS5, and Charon HGA1, and Charon HG24A), encompassing about 17.0 kb and 10.6 kb, respectively, including the rat HMT gene with 1.9 kb 5' upstream and 0.5 kb 3' downstream regions (Fig. 3A) . The rat HMT gene consists of 6 exons and 5 introns spotted over a 25 kb region at least. Each exon / intron boundary conformed perfectly with the GT /AG rule ( Table 1) . Intron 1 contained 3 fragments of LINE (18) in a reverse direction of the HMT gene (Fig. 3A) and the 5' region within 0.6 kb from exon 1 had one LINE in the same direction as the HMT gene (Figs. 3A and 4A ).
Mouse HMT mRNA sequence
Thirteen clones from SLIC-5'-RACE, 3 clones from . The autoradiogram was developed after a 30-day exposure at -80°C with an intensifying screen. After stripping the radioactive probe off both membranes, the membranes were rehybridized with the rat G3PDH probe and then exposed for one day. Fig. 2 . Determination of the transcription start site of the rat HMT gene. The transcription initiation site was determined by primer extension analysis and S1 nuclease mapping, as described in "Materials and Methods". The S1 digested products were electrophoresed in the three lanes (K, J, B) on the left side, labeled with "S1", and the primer extension products were electrophoresed in the four lanes on the right side, labeled with "primer". The experiments were performed with the total RNA for rat kidney (lane K), jejunum (lane J) and brain (lane B). In the primer extension experiment, yeast ribosomal RNA (lane Y) was also processed as a negative control. The four lanes on the far left and on the far right side labeled with c, t, a, and g show the sequence ladder used as a size marker.
amplification of the middle portion of cDNA and 7 clones from 3'-RACE were arbitrarily chosen and analyzed. Among the 5'-RACE clones, clone k926 was longest and it was concluded from the sequence of this clone that the mouse HMT cDNA contained 47 bp of the 5'-untranslated region. The putative translational start codon was assigned to the first ATG triplet from the 5'-end of the sequence, and it was conserved between rats and mice. The translated region deduced by combination of these clones consisted of 888 nucleotides and encoded a protein with a calculated molecular weight of 33,692.94. Among the 3'-RACE clones, clone e1 and another clone were the longest. The other clones had the same nucleotide sequence as that of e1 in the overlapping region and terminated with poly A sequences at a more upstream nucleotide than e1; two clones at 1174T (starting from the putative translational initiation codon), two clones at 1218C, and one at 1223C. There were three regions corresponding to the polyadenylation consensus sequence AATAAA at 1159, 1208 and 1546.
Mouse HMT genomic profile
Two pairs of two overlapping genomic cDNA clones (l#4 and l1N1, and l#6 and l #n8), encompassing about 26 and 21 kb of the mouse gene locus, respectively, were isolated (Fig. 3B) . These clones included 7 exons and 6 introns spotted over a 31 kb region at least. In this study, we designated an exon containing a translation start codon (ATG) as "exon 1" in both the rat and mouse HMT gene loci, and an exon 5' upstream of exon 1 was termed as "exon 0". Similar to the rat HMT gene, each exon/ intron boundary of the mouse HMT gene conformed perfectly with the GT /AG rule (Table 1) . Intron 2 contained at least 2 fragments of LINEs (18) in a reverse direction of the HMT gene (Fig. 3B ) and 3.8-kb 5' upstream region from exon 1 had a LINE in the same direction as the HMT gene (Fig. 4A) .
DISCUSSION
The expression patterns of the HMT gene in the rat and mouse tissues were different from each other, whereas 0 Mouse C T G C T G g t agg t t a a t · · · · 484 bp · · · · t t t t t a t cag AGAAC C 1 (147 bp)
1 Rat AG CAAG g t a a c a a aga · · · · 10,986 bp · · · · t gc t t t t cag GAT T GG 2 (53 bp) 1 Mouse AG CAAG g t a a c a a a a a · · · · 2,996 bp · · · · t gc t t t t cag GAT T GG 2 (53 bp)
2 Rat G TG CAG g t a t gaa t aa · · · · >5.5 kb · · · · t a c c t t t t ag GT GAAA 3 (108 bp) 2 Mouse G T G C A G g t a t gaa t aa · · · · >11.5 kb · · · · t a c c t t c t ag GT GAAG 3 (108 bp)
3 Rat A CAAAG g t a t a t g t t a · · · · 1,133 kb · · · · gag t a t t t ag AGC T T G 4 (134 bp) 3 Mouse A CAAAG g t aca t a t t t · · · · 4,733 kb · · · · gg t a t t t t ag AGC T T G 4 (134 bp)
4 Rat A T T CAG g t agga a a t g · · · · 2,552 kb · · · · t cc t ac t t ag AT GC T A 5 (94 bp) 4 Mouse A T T C A G g t agga a a t g · · · · 5,114 kb · · · · t t cc t a t t ag AT GC T G 5 (94 bp)
5 Rat TG T CAG g t a agc c a t t · · · · 3,803 kb · · · · t t t t gca t ag GAAC T A 6 (692 bp) 5 Mouse T G T C A G g t a agc t a t t · · · · 5,054 kb · · · · t t t cc t a t ag GAAC T A 6 (1,040 bp)
Upper and lower letters indicate exons and introns, respectively. Bold letters indicate GT / AG splice donor /acceptor sequences. Bold Arabic numerals indicate the exon number. The sizes of the exons are shown in parentheses on the right. G3PDH expression was ubiquitous throughout the tissues (Fig. 1) . The relative expression abundance correlated well with HMT enzyme activity (6) , suggesting that the mRNA expression level predominantly determined the enzyme activity. In the kidney, marked HMT mRNA expression was observed in rats and moderate expression in mice, but none in guinea pigs (12) . In regions of the brain, ubiquitous expression of HMT mRNA was detected in guinea pigs (7), although there was little to undetectable expressions of HMT mRNA in the rat cerebellum or in the mouse striatum (Fig. 1) . The species differences in the expression pattern of the HMT gene might be attributed to the differences in the 5' flanking structure revealed by sequence comparison (Fig. 4A, see below) . The regulatory elements of many genes are located in the 5'-flanking region. The knowledge about the start point of exon 1 is indispensable for analysis of the 5'-flanking region. For this purpose, we determined the transcription initiation site of the rat HMT gene by a primer extension experiment and S1 nuclease protection assay (Fig. 2) . As the ATG codon assigned for the putative translation initiation site in a previous study (9) was the first one encountered after this site, it is highly likely that this ATG triplet is the true translation initiation codon. As stated in the Results, several bands were observed (Fig. 2) . This might be because the transcription starts at several points. In addition, we assigned the transcription initiation site of the mouse HMT gene from the longest cDNA clone of the RACE experiment. The putative translation start site was assigned to the first ATG triplet in the mouse cDNA sequence, and the deduced translated region was highly conserved in the rat and mouse (94% homology). The mouse results of the 5' RACE method, however, could not rule out the possibility of the existence of another transcription start point in the 5' upstream region. In the mouse HMT cDNA cloning, we found that there were three regions that corresponded to the polyadenylation signal consensus sequence, of which all were functional to some extent. We previously reported that there were two species in the guinea pig HMT mRNA, with poly (A) + tails at different positions (12) . It is still not clear if there are (more than) two species of HMT mRNA in rat tissues.
Next, we identified the exon sequences in the cloned cDNAs by careful comparison with the nucleotide sequences of the rat (GenBank accession no. D10693) and the mouse (GenBank accession no. AB070524) HMT cDNAs. Although we obtained the mouse and rat genomic DNA with a sequence gap between exons 2 and 3 (Fig. 3) , the entire sequences of rat and mouse HMT cDNA appeared in the isolated sequences. Therefore, we conclude that there are not any more exons between the sequence gap. The rat HMT gene structural feature was basically similar to that of the human HMT gene reported previously (19) . Structural analysis revealed that the mouse HMT gene had an extra exon compared with the rat HMT gene (Figs 3 and 4A) . The rat HMT cDNA sequence showed a marked conservation (92%) with mouse HMT cDNA (data not shown), and on the genome, every region close to the exon (within approximately 200 -500 bp) showed high homology (greater than 70%, shown as hatched boxes in Fig. 3 ). These conserved regions were compared with the sequences in GenBank/EMBL databases, but no matches were found in other genes. All these conserved regions were lined in a similar order and direction in the two rodents (shown by Roman numerals in Fig. 3) . Interestingly, region III, which contained exon 2, overlapped with region II in the mouse and region IV in the rat (Fig. 3) . Intronic sequences near splice sites also revealed sequence similarities within the rat and mouse (Table 1) , suggesting the evolutionary relationship between the structural features of the rat and mouse HMT genes. In the 3' untranslated and flanking region, the nucleotide sequence was 81% identical between the rat and mouse (Fig. 4B) . On the other hand, no striking overall sequence homology was observed in the 5' flanking region between the two species, except for the LINE sequences, suggesting that the molecular mechanism of the HMT gene expression is different in the rat and mouse tissues. In the mouse HMT gene, there was an additional exon (exon 0 in Fig. 3B ) 5' upstream from exon 1 although the functional importance of this exon is unclear. The additional exon, however, could conceivably contribute to the regulation of the mouse HMT expression.
In the rat and mouse HMT genes, there are several LINE sequences (18) located in 5' upstream regions and introns (Fig. 3) . Portions of them were duplicated in the HMT gene (Figs. 3 and 4) , suggesting that the HMT gene went through a genomic rearrangement after insertion of the repetitive element.
Taken together, we found the heterogeneous expression of HMT mRNA in rat and mouse tissues, determined the transcription initiation site in the rat HMT gene, cloned and analyzed the HMT genes from rats and mice and compared the nucleotide sequences with each other, suggesting that there is different molecular mechanism underlying the gene expression in the rodents. Further analysis of these genes, including further upstream sequences, might help to clarify potential expression mechanisms of the HMT gene.
